Exclusive Nonleptonic Decays of Bottom and Charm Baryons in a 
Relativistic Three-Quark Model: Evaluation of Nonfactorizing 

Diagrams 



M. A. Ivanov 

Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, 141980 Duhna 

(Moscow Region), Russia 



J. G. Korner 

Johannes Gutenberg- Universitdt, Institut fiir Physik, D-55099 Mainz, Germany 



V. E. Lyubovitskij 

Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, 141980 Dubna 
(Moscow Region), Russia and Department of Physics, Tomsk State University, 634050 Tomsk, 

Russia 



A. G. Rusetsky 

Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, 141980 Dubna 
(Moscow Region), Russia and IHEP, Tbilisi State University, 380086 Tbilisi, Georgia 

(February 1, 2008) 



Abstract 



Exclusive nonleptonic decays of bottom and charm baryons are studied within 
a relativistic three-quark model with a Gaussian shape for the momentum 
dependence of the baryon-three-quark vertex. We include factorizing as well 
as nonfactorizing contributions to the decay amplitudes. For heavy-to-light 
transitions Q — > qud the total contribution of the nonfactorizing diagrams 
amount up to ~ 60 % of the factorizing contributions in amplitude, and up to 
~ 30 % for b — > cud transitions. We calculate the rates and the polarization 
asymmetry parameters for various nonleptonic decays and compare them to 
existing data and to the results of other model calculations. 

PACS number(s): 12.39.Ki, 13.30.-a, 14.20.-c, 14.20.Lq, 14.20.Mr 
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I. INTRODUCTION 



During the last years there has been significant progress in the experimental study of 
nonleptonic decays of heavy baryons New results on the mass spectrum, lifetimes, 
branching ratios and asymmetry parameters in the decays of the heavy baryons A^t, S^, 
Sc, A°, ... were reported by various experiments ALEPH, ARGUS, ACCMOR, CLEO, 
OPAL, etc. The heavy baryon mass spectrum has been determined with good precision 
(within an accuracy of a few per cent). As to nonleptonic branching ratios, the accuracy 
of the measurements does not exceed 25-30 % even for the better studied Cabibbo-favored 
decay modes A+ — > A° + vr^ and A+ ^ p + . For the decay A|| J/ipK and the 
Cabibbo-suppressed decay Ajf — > pcf) the experimental errors are even larger. The first 
observation of the A^ pcf) decay was reported by the NA32 Collaboration They 
quoted a branching ratio of i?r(A^ — > p(f))/Br{A^ —>■ pK~ 7r~^) = 0.040 ± 0.027. A more 
recent measurement of the A^ pcf) decay rate by the CLEO Collaboration resulted in a 
ratio of branching ratios 5r(A+ pcf))/Br{A+ pK-n^) = 0.024 ± 0.006 ± 0.003 [|. 
The baryonic decay A° —>■ J/tfjA was first observed by the UAl Collaboration 0]. The 
measured branching ratio was found to be i?r(A° — > J /if)h) = (1.4 ± 0.9) % [Q. The OPAL 
Collaboration obtained an upper limit for the branching ratio of i?r(A|J — >■ J /if) A) < 1.1% [^. 
Recently the CDF Collaboration has reported a much smaller value for the same quantity 
Br{A^^ J/ipA) = (0.037 ± 0.017 ± 0.004) % from a larger data sample |[. From a 
theoretical point of view the A+ pcf) and A^ — > J / ipA decays are simple in as much as they 
are described by factorizing quark diagrams alone. Their study can shed light on the nature 
of the nonleptonic interactions and may serve as an additional source for determining the 
Cabibbo-Kobayashi-Maskawa (CKM) elements and the values of the short-distance Wilson 
coefficients in the effective nonleptonic Lagrangian 0- |[Tl|]. In the near future one can 



expect large quantities of new data on exclusive charm and bottom baryon nonleptonic 
decays which calls for a comprehensive theoretical analysis of these decays. 

There exist a number of theoretical analysis of exclusive nonleptonic heavy baryon de- 
cays in the literature (see, e.g. refs. [|12[- [^) including predictions for their angular decay 



distributions. The analysis of nonleptonic baryon decays is complicated by the necessity of 
having to include nonfactorizing contributions. One thus has to go beyond the factorization 
approximation which had proved quite useful in the analysis of the exclusive nonleptonic 
decays of heavy mesons. There have been some theoretical attempts to analyse nonlep- 
tonic heavy baryon decays using factorizing contributions alone the argument being 
that W-exchange contributions can be neglected in analogy to the power suppressed W- 
exchange contributions in the inclusive nonleptonic decays of heavy baryons. One might 
even be tempted to drop the nonfactorizing contributions on account of the fact that they 
are superficially proportional to l/Nc- However, since iVc-baryons contain Nc quarks an 
extra combinatorial factor proportional to Nc appears in the amplitudes which cancels the 
explicit diagrammatic 1/Nc factor [|l^,|l^. There is now ample empirical evidences in the 
c — s sectors that nonfactorizing diagrams cannot be neglected. For example, in the charm 
sector the two observed decays A+ and A+ Svr can only proceed via nonfactor- 

izing diagrams. Their sizeable observed branching ratios may thus serve to obtain a measure 
of the size of the nonfactorizing contributions. 

In the present paper both factorizing and nonfactorizing contributions to exclusive non- 
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leptonic decays of bottom and charm baryons are taken into account. The decay amphtudes 
are studied within a relativistic three-quark model with a Gaussian shape for the momen- 
tum dependence of the baryon-three-quark vertex. It is shown that the total contribution 
of the nonfactorizing diagrams can amount up to ~ 60 % of the factorizing contribution for 
heavy-to-light transitions and up to ~ 30 % for b —>■ c transition in amplitude. We calculate 
branching ratios and asymmetry parameters for bottom and charm baryon nonleptonic de- 
cays within the Lagrangian Spectator Model approach which generalizes the spectator quark 
model approach p8| , p9| . We compare our results with existing data and other theoretical 
approaches. 

The layout of the paper is as follows. In Section 2 we present details of our Lagrangian 
Spectator Model approach. In Section 3 we discuss the calculation of the matrix elements 
of nonleptonic decays of bottom and charm baryons. In Section 4 we present the results of 
our calculations. Section 5 contains our conclusions. 



II. MODEL 



A systematic and comprehensive analysis of weak semileptonic and nonleptonic decays of 
heavy baryons has been carried out within the spectator quark model which is 



based on the "equal- velocity" approximation |28,23]. Namely, it is assumed that all quarks 



inside a hadron have equal velocities coinciding with the velocity of the hadron. In other 
words, the internal relative motion of quarks inside the hadrons is neglected. 

The quark-hadron Bethe-Salpeter (BS) wave function satisfies the free-quark Dirac equa- 
tion in the each quark index, i.e. the quarks are assumed to be noninteracting. With the 
use of the "equal- velocity" assumption the equations of motion for the wave functions of the 
individual constituent quarks in the baryon can be rewritten in terms of the hadron velocity, 
thus imposing restriction on the possible form of the hadronic BS wave function |I^ , pr5| , |28| , p9| . 
The explicit form of the BS wave functions for hadron in the initial state is given by 

1+ „ 1 



p _ _ 
~ 2 

3+ „ 1 



J =2 '■ ^^^^ = M^f^^ + M)^^C]p,u^{P)BaM + cycl.{a, a; (3, b; 7, c)}. 



J =2 '■ ^^BC = — {[(/' + M)7,C]^X(^)%6c} + ci/c/.(«,a;/3,6;7,c)}, 

J^ = 0-+: M^^ = [{P + M)^,]iMi 

J^ = l-: M'l = U + M) ^iM', (1) 

We have suppressed colour indices in (|I]). M is the mass of hadron, P is its total four- 
momentum, and Ba[bc], B{ahc}, -M^a denote the flavour part of the hadronic wave function. 
Analogous formulae for the final state hadronic wave functions can easily be derived from 
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Eq. (|l|). They can be found in ref. |T^. Note that the BS spin wave functions (1) contain 
an additional "projector" factor 

y+ = — (p + M) = (2) 

where v is the "on-shell" four- velocity of hadron, i.e. v"^ = 1. The factor ensures that in 
the cm. frame only the positive-energy components of the full BS wave function survive, as 
it should indeed be, when the quarks are noninteracting. 

Once the explicit form of the hadron wave functions is given, the transition matrix 
elements for weak decays are parameterized by a few overlap integrals in terms of the spin- 
independent spatial part of the hadron wave functions. Previously, the overlap integrals have 
been treated as phenomenological parameters to be determined from a fit to experimental 
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In order to go beyond the approach one has to develop a microscopic approach to the 
overlap integrals appearing in the expressions for the decay amplitudes or, equivalently, one 
has to specify the form of the hadron-quark transition vertex (hadronic BS wave function) 
including the explicit momentum dependence of the Lorentz scalar part of this vertex. In 
the Lagrangian model considered in this paper this dependence is given by the baryon form 
factor which appears in the nonlocal interaction vertex coupling the baryons to the three 
quarks. The Lagrangian model has been successfully applied to the description of a wide 
class of the low and intermediate energy hadron phenomena both in the light [^- and 



heavy [^] quark sectors. 

In its present form, this model is not immediately applicable to the study of the heavy 
baryon nonleptonic decays since it does not reproduce the results of the spectator model 
analysis |]14|. The purpose of our present investigation will consist in embedding, step by 
step, the spectator model spin structure in our Lagrangian approach. Put differently, we 
attempt to reformulate the spectator model using the Lagrangian language in order to be 
able to calculate all quantities appearing in the description of the nonleptonic decays of 
heavy baryons with the use of the Feynman diagram technique. 

Let us begin with the formulation of the basic notions of the Lagrangian model taking 
into account at every step the spin structure imposed by the spectator picture. 

The problem of the choice of baryonic currents was discussed in ref. [^| (see also refs. 
3^ and [|^). Let us briefly review the basic notions. Suppose that a baryon is a bound 



state of three quarks. Let Ui (i=l,2,3) be the position space four-coordinate of quark i with 
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mass rrii. They are expressed through the center of mass coordinate (x) and the relative 
Jacobi coordinates (^i,...) as 

m2 + m-s 



yi = X - 3^1 



J2mi 

i 

nil ^ r ""^3 



1/2 = a; + 36 ^ - 26 ^ (3) 

i 

?/3 = X + 36 ^ + 26^3 



where a; = — , 6 = 77 \ 2/i , 6 



T,^i ' 3 \ ni2 + ni3 /' 2^3 

i 

In the case of hght baryons we shall work in the limit of SU(3) invariance by assuming 
that the masses of u,d and s quarks are equal to each other in Eq. (|^). The breaking of 
SU(3) symmetry through the position space variables i/i (via a difference of strange and 
nonstrange m quark masses: nig — m 7^ 0) was found to be insignificant [Q. Thus, for light 



baryons composed of u,d or s quarks the coordinates of the quarks may be written as 

yi = X - 26 2/2 = + 6 - 2/3 = a: + 6 + 6^3 

For a heavy-light baryon with nii ^ m2, one has instead 

yi = yQ = x, 2/2 = 2/gi = a; + 36 - 6^3, 2/3 = 2/g2 = a; + 36 + 6 

We assume that the momentum distribution of the constituents inside a baryon is mod- 
elled by an effective relativistic vertex function given by 



.(tg(.-.)^) 



which depends only on the sum of the relative coordinates squared in the coordinate space 
and on a cutoff parameter A^. Generally speaking, the shape of this function should be 
determined from the bound state equation and may depend on the flavours of the quarks 
involved. In order to reduce the number of free parameters we will use a common Gaussian 
function for all flavours but we allow for flavour dependent values of the cutoff parameter 
A^. The Gaussian shape guarantees ultraviolet convergence of the matrix elements. The 
vertex function models the long distance QCD interactions between quarks. For the present 
application, there are at least three different values for A^ corresponding to the {s,d,u), 
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{c,d,u), and {b,d,u) sectors. However, in order to recover the Isgur-Wise symmetry in the 
heavy quark hmit (mg oo) the cutoff parameter has to be the same for charm and 
bottom baryons. 

The Lagrangian describing the interaction of baryons with the three-quark current is 
written as 



C^\x) = gsBix) J dy, J dy^ j dy^ 6 





E rriiyi \ / 


X — 




V 





A2 



i<j 



X JB{yi,y2,y3) + h.c. (4) 

where JbIvi, 2/2? Vs) is the three-quark current with quantum numbers of a baryon B: 

JB{yuy2,y3) = T,q'^^{y,)q'^-{y2)CT,q'^^{ys)e^^''-''\ (5) 

Here ri^2 are strings of Dirac matrices, C = 7^7^ is the charge conjugation matrix and Oj 
are the color indices. The strong couphng constant qb in (HI) can be calculated from the 



compositeness condition (see, ref. |34], [^- |39|), i.e. the renormalization constant of the 
hadron wave function is set equal to zero, Zh = 1 — q^jY^'^^Mh) = 0, with S// being the 
hadron mass operator and denotes a hadron mass. Note that the latter condition is 
equivalent to the well-known relativistic normalization condition for the hadronic Bethe- 
Salpeter (BS) wave function. However, for technical reasons it is more convenient to use the 
normalization condition for the elastic vector form factor at zero recoil which, of course, is 
completely equivalent to the compositeness condition (see, discussion about it in ref. 
Possible choices of light and heavy-light baryonic currents have been studied in refs. 



| 39| and |^0|" For the octet of light baryons, for the A-type heavy-light baryons (Aq, 



Sq) with a light spin zero diquark system, and for the fi-type heavy-light baryons (fig. Eg) 
with a light spin one diquark system the currents are written as follows . 



Light Baryon Currents 

vector variant (z/i, 2/2, Z/a) = l^l^(f^{yi)(f'^{y2)C'y^q"''-^{yz)e"'^'^^°'^ (6) 

tensor variant -^^6(2/1, 2/2, 1/3) = (y^^1^q°'^{yi)q°''^{y2)Ca^yq"''^{y^)e°-'^°-'^°-^ 

Heavy-Light Baryon Currents 

pseudoscalar variant J^^ = e"''"^Q°'u^C'~f^d'^ 

axial variant J^^ = e"*'^7^Q"M''C7^7^(i'^ ^j-^ 

vector variant jX = e''^''-f.-f^Q''s^C-f^'s', jY,^ = e'^^'Q^s^C^^'s'' 

Q ^ Q 

tensor variant JK = e''^^a^^-f5Q''s^Caf"'s'', J^f = -ie^^^-iyQ^s^Ca^"" s" 
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In Table I we give the quark content, the quantum numbers (spin-parity , spin Sqq and 
isospin Iqq of light diquark) and the experimental (when available) and theoretical mass 
spectrum of the heavy baryons p|,p!5[] analyzed in this paper. Square brackets [...] and curly 
brackets {...} denote antisymmetric and symmetric flavour and spin combinations of the 
light degrees of freedom. The masses of the light baryons are taken from the Review of 
Particle Properties 

Next we write down the Lagrangian which describes the interaction of Ag-baryon with 
quarks in the heavy quark limit (mg oo), i.e. to leading order in the l/mq expansion 

A^* (^) = 9A^AQ{x)r,Q^{x) J d^, J rf6 F{Al^ ■ + (8) 
X u\x + 3^1 - ^2V3)CT2d%x + 3^1 + 6 Vs)^"'' + h.c. 

where 

{I ® C'~^^ pseudoscalar current 
l^l ® 6*7^7^ axial current 
One can see that the heavy quark is factorized from the light degrees of freedom in this 
limit. The vertex form factor F characterizes the distribution of u and d quarks inside 
the Aq baryon. It is readily seen that the Lagrangian (|^) exhibits the heavy quark flavour 
symmetry (symmetry under exchange b with c) if the parameter A^g is the same for charm 
and bottom baryons. 

In what follows we shall work with the momentum space representation of the interaction 
Lagrangians. Performing the requisite Fourier transformation e.g. for the case of the Aq 
baryon we obtain 

Aq(p) = 9^BQ^Qi.P) j dpi J dp2 J dps J dki J dk25{ki - 3{p2 + ps)) S{k2 - ^3(^3 - pa)) 

X KV - Y.V^)F[^^\lQ\p,)u\p2)CY2d\ps)e'^''^ + h.c. (9) 

where p and pi,P2, Ps are the momenta of the baryon and the constituent quarks, respectively. 
The relative momenta ki and k2 may be expressed in terms of the quark momenta Pi in a 
standard manner ||34|| . 

For our purposes we also need the effective Lagrangians that describe the coupling of 
pions, kaons and the vector mesons p, and J/ip to their quark constituents. In this 
paper we also assume that the mesons are point-like objects, i.e. their interaction with the 
constituent quarks are described by a local nonderivative Lagrangian 
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Luip) = 9mM{p) J dpi J dp2 S{p-pi- P2) q{pi) Vm q{p2) + h.c. (10) 

where T m and \m are spin and flavour matrices. In other words, we choose the effective 
meson vertex functions to be constants in momentum space. This is a rehable approximation 
for the hght mesons. For heavy mesons we expect that form factor effects in the meson 
vertex become important. This prevents us from extending the present approach to cases 
with heavy mesons in the final states, such as A° A+ + . In general the form factor 
effects in the decays involving heavy mesons in the final state are expected to suppress 
their rates relative to those obtained from a point-like vertex. Exclusive nonleptonic bottom 
baryon decays involving heavy mesons form the subject of a separate piece of work. 

To reproduce the spin amplitude structure of the spectator (or static quark) model 
analysis [0,0 we assign the projector V+ = (;j^ + l)/2 to each light quark field in the 
baryon-quark vertex, where v is the "on-shell" four- velocity of hadron as in ref. ||T^. The 
conjugate antiquark fields in the mesons are multiplied by the projector = {— yf + l)/2. 
We shall also use the static approximation for u, d and s quark propagators 

< 0|T{g(x)g(2/)}|0 >= 5^^\x - y) (11) 

where Ag is the free parameter having the dimension of mass. We choose this parameter to 
have the same value A for u and d quarks and a different value A^ for the strange quark. 
The model obtained with the use of above prescriptions will be referred to as Lagrangian 
Spectator Model in what follows. 

An important property of the Lagrangian Spectator Model is that the structure of the 
interaction Lagrangians of light and heavy-light baryons with quarks is simplified. Namely, 
the different options for the choice of baryon currents all become equivalent. For example, 
the vector and tensor forms of the interaction Lagrangians of = 1/2"'" light baryons are 
completely equivalent. For the proton the interaction Lagrangian takes the form 

C'^\P) = ^g,p{p)JdhJdhF{l2^±^,^) (12) 

Bq 

X V+u'''{ki+p)u^^{k2)C-f5V+d^'{-ki - A:2)£"^"'"^ + h.c. 
^ 2g,p{p) JdkiJdk2F(l2^±^,^) 

Bq 

X V+Yl^d^'iki + p)u''^{k2)C-f^V+u''^{-ki - k2)e''^'""'' + h.c. 
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In Appendix A we provide a full list of the effective interaction Lagrangians for light baryons 
in the Lagrangian Spectator Model. 

In the Lagrangian Spectator Model the leptonic coupling constants f-^ and fx are deter- 
mined by the integrals 

^ N,g^ 1 f ^ N,gK 1 f , . 

47r2 M^A2 Lg ' 47r2 M^AA, Jreg 7r2 ^ ^ 



The meson coupling constants g^^ and (^ii- in Eq. 13) are determined from the compositeness 
condition which reads 

Equations (|13D and (p^ contain the ultraviolet divergence since the mesons in our scheme 
are point-like objects. To regularize these quantities we introduce an ultraviolet cutoff 
parameter Ac^t. In order to reduce the number of free parameters in the model we relate the 
cutoff parameter in Eqs. (|T3|) and ( p^ to the parameters A and A^ appearing in static light 



quark propagator (|TT]) via Kcut = ^91^92/(^91 + ^92)- Here qi corresponds to the flavour of 
the light quark being the constituent. After that we get 

Substituting experimental values for fj, = 131 MeV and fx = 160 MeV in Eqs. (|15]) we 
obtain A=1.90 GeV and A,=3.29 GeV. 

For the heavy quark propagator Sq we will use the leading term in the inverse mass 
expansion. Suppose p = MbqV is the heavy baryon momentum. We introduce the parameter 
^{9192} = ^{Q9i92} ~ ""^Q which is the difference between the heavy baryon mass MjQg^gj} = 
Mbq and the heavy quark mass. Keeping in mind that the vertex function falls off sufficiently 
fast such that the condition \k\ « mq holds {k is the virtual momentum of light quarks) 
one has 

^^^^ + ^ " mQ-(^+^) - ml - Ml^ - 2Ms,vk - " ^^^^"^^^ + ^ l^^^ j 
^.(fc,A{9i92}) = - ,. f . (16) 

l[V- k + A{gig2}J 

In what follows we will assume that A = Kuu = ^dd = ^du, A^ = Aus = A^s. Thus there are 
altogether three independent parameters: A, A.,, and A^^. 
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The vertex function F in the baryon-quark interaction Lagrangians is an arbitrary func- 
tion except that it should render the Feynman diagrams ultraviolet finite as was mentioned 
before. In it was found that the basic physical observables of pion and nucleon 

low-energy physics depend only weakly on the choice of the vertex functions. In the present 
paper we choose a Gaussian vertex function for simphcity. In Minkowski space we write 

where is the Gaussian range parameter which is related to the size of a baryon. Note 
that all calculations are done in the Euclidean region {kf = —kf^) where the above vertex 
function decreases very rapidly. We consider two different values of the A^ cutoff parameter: 
for light baryons composed from light (u, s) quarks and A^^ for baryons containing a 
single heavy quark (6 or c). The requirement of the unit normalization of the baryonic IW- 
functions C,{uj) and ii{uj) at zero recoil uj = 1 (C(l) = 1, ^i(l) = 1) imposes the restriction 
A^i, = A^^. This can be seen by expressing the baryonic IW-functions for arbitrary values 
of Kbq as 



$(A5„l)J<l>(As,,l 



C(^) = ^ . . ' (17) 



36^- 



CXJ _L 

^{Kbq.w) = A|^(a; + 1) j duu j dxexp -ISu"^ - 36u'^x{l - x){uj - I) + 



A; 





Eq. ( p^ shows that one recovers ({1) = 1 only when A^^^ = A^^- As was mentioned above, 
the parameter A^^ = A^^ = -^Bc is one of the adjustable parameters in our calculation. 

Thus, there is the following set of adjustable parameters in our model: the cutoff pa- 
rameters A^ (Afi^ and A^g), and a set of Ajg^gj} binding energy parameters: A, A^ and 

III. MATRIX ELEMENTS OF WEAK DECAYS OF HEAVY BARYONS 

The weak nonleptonic decays of bottom and charm baryons are described by the diagrams 
I, Ila, lib and III in Fig. 1. [] 



^In the terminology of |26| diagram I corresponds to factorizable external and internal W-emission, 
Ila to nonfactorizable internal W-emission and lib and III to nonfactorizable W-exchange. 
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Diagram I corresponds to the so-called factorizing contribution. Diagrams Ila, lib and 
III correspond to the nonfactorizing contributions. The vertices • •O^ correspond to the 
nonleptonic interaction described by a standard effective four-fermion Lagrangian [0]- [jlT . 
For h cud and c sud transitions the effective four-fermion vertices read 

£e// = ^V,,Vi,[c,{c^^O,b-^){d^^OX') + c,{c^'0,b-n{d^^OX')] (18) 
+ ^V,sV^Ac^{s'''0^c''^)iu'''0^d''') + cl{r^0^c''')iu'''0^d''')] + h.c, 

Here Ci,C2 are short distance Wilson coefficients for b —>■ cud transitions and c^,C2 are the 
Wilson coefficients for c sud transitions. It is well-known that the factorizing contribu- 
tions are proportional to the following two linear combinations 

Ol = Ci + — = Ci + ^C2 (19) 

a2 = C2 + ^ = C2 + (20) 

and the same for a\ and ag. Here is the number of colors and ^ = l/N^ is the color 
singlet projection factor. Phenomenological considerations of the nonleptonic decays of D 
and B mesons give the following values for the Wilson coefficients 

at ^ 1.2±0.10 ^ ci, 4 ^ -0.5±0.10 ^ C2 [11] 

ai ^ 1.05 ± 0.10, 02 ^ 0.25 ± 0.05 (see e.g. refs. in |g) 

The phenomenological results for the coefficients a* 2 can be seen to correspond to a suppres- 
sion of the 1/Nc term in Eq. ([IDD. A straightforward calculation of these coefficients in the 
leading logarithmic approximation has been performed in refs. [[7|,|8|,pi?| . For D-meson decays 
it was shown that the coefficient a\ is weakly dependent on the choice of the renormaliza- 
tion scheme for fixed values of the renormalization scale and the QCD cutoff parameter: 



^We employ the notation 
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tti = 1.31 ± 0.19 (in accordance with phenomenology). In contrast to this the value of 
strongly depends on the renormalization scheme, ranging from -0.47±0.15 to -0.60±0.22. A 



detailed discussion can be found in ref. |]T0[. A first calculation of the Wilson coefficients 
for bottom hadron decays was done in ref. ^Q^- A more refined analysis of the renormal- 
ization coefficients within various renormalization schemes can be found in ref. [rU| where 
was shown that the value of the coefficient ai depends weakly on details of calculations: 
ai=1.01±0.02 (in accordance with phenomenological analysis). As for the case of charm 
decays the coefficient 02 is more sensitive to the choice of the renormalization scheme and 
ranges from 0.15±0.05 to 0.20±0.05. 

The matrix elements describing heavy-to-heavy [b —>■ c) and heavy-to-light {Q q) 
transitions can be written as 



• heavy-to-heavy transition 



Factorizing contribution 



Diagram I 



fac 



G p 



V2 



(47r)4Ag,Ag, 7 7tH 



exp 



ISk'^ + Q{2k' + kf 



(21) 



X u{v2)T2S,,{k,K)0^'S,,{k,K)T^u{v^) Tr 



For the matrix elements of the current operator J^^"^ sandwiched between one-meson state 
< M\ and the vacuum |0 > we use the standard definitions 



<M^(P3)|^10> =fpP^ 
<M^(P3)|^10> =fvM^e^ 



for the pseudoscalar mesons 
for the vector mesons 



Here x+ = cli for transition with a charged meson in the final state and X- = (^2 for transition 
with a neutral meson in the final state. P3 and M3 are the four-momentum and the mass of 
the meson, respectively, fp is the leptonic decay constant of pseudoscalar meson and fy is 
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the decay constant of vector meson into e'^e pair. For fp and fv we use the experimental 
values 0: A = 131 MeV, /k = 160 MeV, ^ = 237 MeV, fj/^ = 405 MeV. 

Nonfactorizing contributions 



Diagram Ila 



Ila 



NJ gig 9m 



A 



94 



(22) 



X exp 



9k^ + 9k" + 3{2k" + 2k' -k- p^y + 3{2k" + k' - ps) 



A2 



X u{v2)T2S,,ik,A)0''S,,ik,A)Tiu{vi) Tr 



Here qm is the meson-quark coupling constant which is calculated with the use of the com- 
positeness condition. The Dirac structure Tm specifies the mesonic final state, i.e. Tm = "^75 
for pseudoscalar mesons and Fm = 7/^ for vector mesons 



Diagram lib 



rpllb 

^ Bh^B,+M 



V2 



Nc^. gl^ Qm 
"^'^ (47r)%, ■■■A 



94 



d^k rd*k' rd*k" 



(23) 



X exp 



9A;2 + 9k'^ + 3(2fc" + k + p^f + 3(2A;" + 2k-k' + p^] 



2n 



A2 



X u{v2)T2S,,ik,A)0^'S,,ik,A)TMv^) Tr 



F'2(i+ ^2)o^Fm(i+ ^3)(i+ ^i)r; 
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Diagram III 



rpIII 

^ Bb-*Bc+M 



A 



94 



(24) 



X exp 



9k^ + 9k'^ + 3{2k" -k- psf + 3{2k" -k'+ psf 



A 



X u{v2)r2S^,{k,A)O^S^,{k,A)riu{vi) Tr 



r'2(i+ ^2)0^(1+ ^i)r;rM(i+ ^3) 



• heavy-to-light transition 



Factorizing contribution 



Diagram I 



G 



<B,\JI+^\Bq> 



iVc! 'jBo 9b, f d^k f d^k' 



-ITT exp 



9P + 3(2// + kf 
Ak 



(25) 



X exp 



(3fc + 2p2)' + 3(2fe^ + kf 



X u{p2y^20''S^^{k,K)V^u{v^) Tr 



r;(i+ ^2)(i+ ^i)r; 



Nonfactorizing contributions 



Diagram Ila 

rj.Ua _ Gf 9Bo 9B, 9M f d'k f d'k' f d'k" 

^Bq^B^+M - VQq Vg^g^ 



(26) 



X exp 



9k^ + 3{2k" + 2k' -k- p^f {3k' + 2p2f + 3{2k" + k' - p^f 



A\ 



+ 



A 



X u{p2)T20^'S^,{k,A)Tiu{vi) Tr 



r'2(i+ ii2)TM{i+ ^3)0^(1+ ^i)r; 
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Diagram lib 



lib 

BQ^Bq + M 



Vo. Vl. 



V2 



Ql qiq2 



Nc^. Qbq 9Bq 9m 
(47r)6A,A,,...Ag^ 



d^k rd^k' fd^k" 

~2A 



(27) 



X exp 



9fc2 + 3(2A;" + k + p^Y {3k' + 2p2Y + 3{2k" + 2k - k' + ps] 



+ 



X u{p2)T20^S,,{k,A)Tiu{vi) Tr 



T',{i+ ^2)o^Tm{i+ ^3)(i+ ^i)r; 



Diagram III 

rj^ni _ T/t A/"c' 9bq 9b, 9m f d^k f d^k' f d^k" 

^Bc,^B,+M - ^"^Qq^,,,, (47r)%A,, ■■■K 



'■qi 



(28) 



X exp 



9P + 3{2k" - k~psf ^ {3k' + 2p2 f + 3{2k" ~ k' + p^f 



A2 



X u{p2)T20>'S,,{k,K)VMvi) Tr 



r'2(i+ ^2)0^(1+ ^i)r;rM(i+ ^3) 



Details of the calculation of the matrix elements (pTD-(p8D can be found in Appendix B. 

Below we list the Lorentz-spinor parts u{p2) ■ ■ ■u{pi)Ti[. . ] of the individual diagrams where 
one has to differentiate between the various possible light diquark transitions. (Mi, M2 and 
M3 denote the masses of the initial and final baryons, and the meson, respectively) 



scalar-to-scalar diquark transitions 



Factorizing Diagram (I) 



{M^M2M^)v^^[u{^2 + 1)0^(^1 + l)n]Tr[75(^2 + l)(^i + 1)75] 



8Q+u{M_ - M+-i^)u 



M2/Mi^0 



Mtu{l--i^)u 



(29) 
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Diagram Ila 

{MiM2Ms)[u{^2 + l)0^{?^i + l)«]Tr[75()f^2 + 1)75(^3 + + 1)75] 



= 16Miu[-P+ - -f,Q+] 



=^ 16Mi%(l - 75)1^ 



Diagram lib 

- (M^M2MsMj^2 + W^iA + l)u]Tr[^,{)^2 + WM^s + l)(^i + 1)75] 



=^ 16M^M2u{l - 75)k 

M2/iM'i-+0 



Diagram III 

{M^M2M,)[u{fi2 + W^ifii + l)u]Tr[^,{^2 + l)0^{^i + 1)7575(^^3 + 1)] 



32 (M1M2) ^MiM75M 



i=l 



M2/Mi-»0 



• vector-to-scaleir diqueirk transitions 

Diagram Ila 

(MiM2M3)[iZ7V()*^2 + 1)0^(^1 + l)«]^[7/3()^2 + 1)75(5^3 + 1)0^(5^^1 + 1)75] 



= 16Mim[3P+ - -f5Q+]u 



M2/Mi-»0 



Diagram lib 

(MiM2M3)[iZ7V()*^2 + 1)0^(^1 + l)u]TrM^2 + 1)0^75(^3 + + 1)75] 



= -48M2u[D+ - j5Q+]u 
Diagram III 



=^ -A8M^M2u{l - 75)m 

M2/Mi-*0 
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(MiM2M3)[iZ7V()^2 + 1)0^(^1 + l)u]Trlrp{i^2 + 1)0^(^1 + ^hM)^3 + 1)] 



i=l 



=^ -96MlM2U-f5U (35) 

M2/Mi^0 



• vector-to-vector diqueirk transitions 

Factorizing Diagram (I) 

{M^M2Ms)v^[uri'{]^2 + + l)7V«]Tr[7a(^2 + + 1)7/3] 



-8(5+'iZ(3M_ + M+75)m 



=^ -8Mi%(3 + 75)1* (36) 



Diagram Ila 

(MiM2M3)[h7V()*^2 + 1)0^(5^^1 + l)7V«]Tr[7a(^2 + 1)7'(^3 + l)0^(^i + 1)7/?] 



= 48Mik[3P+ - 75<3+]^i 



=^ -48Mfu{3 + -f5)u (37) 

M2/Mi-»0 



Diagram lib 

(MiM2M3)[fZ7V(y2 + l)0^(j^i + l)7Vti]TV[7a(y2 + 1)0^75(^3 + + 1)7^] 



= -48M2m[3D+ + 75Q+]m 
Diagram III 



=^ -48M^M2u{3 + 75)m (38) 

M2/Mi-»0 



(MiM2M3)[«7"75()S^2 + l)0^()f^i + l)7V«][7a(^2 + 1)0^,(^1 + l)7/37'()*^3 + 1)] 
3 

= -288 (MiM2) Y.^i^^5U ^ -288M^M2U-f5U (39) 

j=i M2/M1-+0 

where 

g+ = (Ml + M2)2 - Ml P+ = (M2 + M3)2 - D+ = (Ml + M3)2 - M2 
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The relations Eqs. (p9|)-(|39|) are in a complete agreement with the result of spectator 
model analysis \T^\. Note also that the contributions arising from the diagrams lib and III 



can be seen to be down by the helicity flip factor (M2/M1) in agreement with the result of 



g 



The general invariant matrix element describing exclusive weak nonleptonic decays of 
heavy baryons 1/2+ —>■ 1/2+ + 0~ is given by one 

M = Mi + Miia + Miib + Mm = A - 75S (40) 

where the amplitudes Mi, Mna, Mub, and Mm are determined from the diagrams I, Ila, lib, 
and III, respectively. Our results are given in the form 
Factorizing contribution: 

Diagram I : Mi = cwX±fpj§^^[M_rp^ - M+£+^ ■ 7') /(Mi, M2, M3) (41) 

Nonfactorizing contributions 

Diagram Ila : Mi, = c^c_ ""^^^^^^'^^ "^^^ (p^f^ - Q,i?t ■ 7^) M, (42) 

if2(Mi,M2,M3)/ ^ ,Q+ ,5 



Diagram lib : Mnb = cwc. 4^^^^ (^+^//, " Q+^7h " r) M2 (43) 

Diagram III : Mm = cwC- ^'^^l'^'j^'^ j: M^iM^M^^ui ■ 7' (44) 

Here, cw = Gp/\^VQQ'(q)V^^^^, fp (P = vr, K) are meson leptonic decay constants; 
c_ = ci — C2 and £fj^, £f^^, are flavor coefficients whose values are 

listed in Tables Ila and lib. The full list of expressions for the form factors /(Mi, M2, M3), 
H2iMi,M2,Ms) and Hs{Mi, M2, M^) appearing in Eqs. (gT])-(|§ is given below. At the 
present stage we only give a complete analysis of the Cabibbo-favored nonleptonic decays 
only for 1/2+ 1/2+ + 0~ transitions. In addition to these decays we shall also consider 
the factorizing processes with vector mesons A+ pcf) and A° J/ ipK which were recently 
measured by the CLEO [§] and CDF Collaborations. 
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c transitions 



R{u,A) 



ijj 



Ml + Ml - Ml 



2M1M2 



(45) 



RHiLO,A\Af) 8 A 



R{l,A')R{l,Af) QttVS 



(^ = 2,3) 



where 



R{uj,A) = / duu / daexpl -18m^[1 + 2a(l - a){uj - 1)] + 36mA/Abc 



J duu J 


da expj 







00 1 




J duu J 


(ia expj 








+ exp|l44M(A^a + A^(l - a))/ABQ - 432u'^{a'^ + (1 - 

Here d2 = 1 and ^3 = 0.5 exp[9M|/2A^^]. The parameters A* and A-^ correspond to initial 
and final baryons, respectively. The parameters tj(r), where r = A/Ag, are given in Table 
Ilia. 

It is well-known that there are altogether three IW functions C{uj), ^i(co') and ^2(t^) 
describing current induced ground state to ground state transitions. Here ({u) describes 



Ag-type baryon transitions and i^g-type baryon transitions [^^ . In our approach they 
are expressed via a single universal function f{uj) 



CM = 6M = 6M(i + ^) = /H- 



/(I) 



(46) 



M1M2 2 

This result coincides with the prediction of large-Nc QCD and reproduces the result of 
the spectator quark model fl^ . 



Heavy-light transitions 



/(Mi,M2,M3 



Rfd{M,,M2,M3,A) 8R^ 



R{1,A) (l + ^)'vM 



R 



00 

Rfd{Mi,M2,M3,A) =Jdaexp 





X exp 



-9a^{l + R) + 18a-^(l + R) 



A 



Mo 



-l2aRu}—^ + 



AR Ml 



i7,(Mi,M2,M3,A) 



Abq ' R+lAl^. 
U{r) RhAMi,M2,M,,A) 4 A% 



X(r) {1 + R)Jr{1,A) Qttv^ A3 



A^ 



A 



(47) 



(1 = 2,3) 
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where 
Rh2 



daexp 



36a^(l + R){3R + 4) + 72a- — (1 + R) - UaRw—^ + ^ 



A 



Br 



1 + RA^ 



Br 



00 

= J daexp 



36a\l + R){3R + 4) + 72a- — {1 + R) - 12aR- ^ ^ 



A 

A Br 



AsnMi 



X exp 



R + QM^ 



l + R 



The parameters ^2(1^) and t^lr) are given in Table Illb. The terms proportional to 

(Ml — M2)/Abq in the exponents in Eqs. (^Sp and ( ^7D have been dropped for physical 
reasons. 



IV. RESULTS 



In this section we give our numerical results for the decay rates and the asymmetry 
parameters in the nonleptonic decays of Ag, Sg and VLq baryons. Let us specify the model 
parameters. Our model contains the following set of parameters: the cutoff parameters A^,^ 
and Abq and the binding energy parameters (A, A^ and Ag^). Three of the parameters (A^^^, 
A^^ and A) are used to fit known branching ratios of five nonleptonic decays A+ A*^7r+, 
A^ S°7r+, A+ S+TT*^, A+ pK^ and A+ "EPK^ . Moreover, in the fit we impose the 
condition = 1 on the slope of baryonic Isgur-Wise function. The fit yields the following 
values for these model parameters: Ab_j=3.037 GeV, Abq=2.408 GeV, A=0.9 GeV. One 
has to remark that the values A^^ and A^^ are the phenomenological parameters which 
in principle are related to the size of a baryon. However their magnitude is not strongly 
constrained by the experimental values of baryon observables and allows for the variation 
in a rather wide range. Note that the obtained value Abq=2.408 GeV is close to Abq = 2.5 
GeV coming from analysis of semileptonic heavy baryon decays in relativistic three-quark 
model which uses the constituent quark masses ||3^ . As to the cutoff parameter in the light- 
baryon vertex, in Ref. it was demonstrated that the experimental data both for the 
dimensionless (nucleon magnetic moments) as well as dimensionful (nucleon charge radii) 
observables can be described successfully, using the value of the parameter A^^^ from the 
interval ~ (1^3) GeV provided the constituent quark mass is properly fitted. In particular, 
for the value A^^ = 3.037 GeV, with the constituent quark mass niq = 315 MeV, we obtain 
for the nucleon magnetic moments and charge radii: fip = 2.62 (experiment 2.79), fin = - 
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1.61 (experiment -1.91), = 0.82 fm (experiment 0.86±0.01 fm), < >f = -0.188 fm^ 
(experiment -0.119±0.004 fm^), = 0.74 fm (experiment 0.86±0.06 fm), = 0.76 fm 
(experiment 0.88±0.07 fm). The parameters Ag and Ass cannot be determined at present 
due to the lack of experimental information on the decays of heavy-light baryons containing 
one or two strange quarks. For the time being we fix them at the values As=l GeV and 
Ass=l.l GeV. The masses of hadrons are taken from P|JT3|. In what follows we will use the 
following values for the Cabibbo-Kobayashi-Maskawa matrix elements Vqq/ 

\Vcb\ = 0.04, iKdl ~ \Vcs\ = 0.975, \Vus\ ~ = 0.22, |Kfe| = 0.0035 (48) 

The Wilson coefficients are taken to be ai = 1.03, 02 = 0.10, a\ = 1.3, 03 = -0.65. 

In order to check on the consistency of our approach, we shall prove that the Isgur- 
Wise functions ^1 and ^2 satisfy the model-independent Bjorken-Xu inequalities As 



was mentioned in Sec. 3 the baryonic IW functions Ci^)^ ^^^1 ^2{^), corresponding 

to Ag-type and fig-type heavy-heavy weak baryon transitions, are expressed via a single 
universal function f{u) (see, Eqs. (|45|) and |46|)). 

The IW- functions ^1 and ^2 must satisfy to the two model-independent Bjorken-Xu 



inequalities in The first inequality reads 



1 > ^e?(^) + ^^^^^^e^iu^) + liuJ- uj'Mu^Mu^) (49) 

The inequality ( ^9]) implies a second inequality, namely a model-independent restriction on 
the slope (radius) of the form factor C,i{uj) 



>l- Im (50) 

UJ = 1 



From the inequality (|49|) we find an upper limit for the universal function f{u) 



6(0;) < 1 or f{u) < J-— (51) 



UJ 



which we impose as a condition. 

From the inequality ( pO]) for the slope of the function C,i{uj) we see that p|j > 0. For 
the choice of model parameters corresponding to the best fit the universal function f{uj) and 
the slope of the ^1 satisfy to the Bjorken-Xu inequalities (|49| ) and (pOl). In this case the 



charge radii of the ( and functions are equal to 0.84. Our form factor function f{uj) is well 
approximated by the formula 
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1+0.68/w 



(52) 



l + UJ 

In Table IV we present the branching ratios of the decays A+ A°7r+, A+ S'^7r+, 
S+7r°, A^ pK^ and A^ "EPK^ which are described nicely using a three-parameter 
fit. Our predictions for the other heavy-to-light decay modes are listed in Table IV. In Table 
V we give the calculated values for the asymmetry parameters in the nonleptonic decays of 
1/2^ charm and bottom baryons into octet of light baryons and pseudoscalar mesons (pions 
and kaons). The relevant formulae for the decay rates and the asymmetry parameters in 
terms of the invariant amplitudes A and B are listed in ref. |]14[. For comparison in Tables 
IV and V we quote the results predicted by other phenomenological approaches. It is seen 
that rates of decays which proceed only via the nonfactorizing diagrams are not suppressed. 
In Table VI we list our predictions for the parity-violating {A) and parity-conserving [B) 
amplitudes in the decays A+ A7r+ and A+ S+vr" in units of G pVcsVud^^^^^ GeV^. 

In Table VII we give the predictions for the rates and the asymmetry parameters in 
the nonleptonic decays of bottom baryons into charm baryons with the use of the same 
model parameters. A clear pattern emerges. The dominant rates are into channels with 
factorizing contributions. Rates which proceed only via nonfactorizing diagrams are small 
but not negligibly small. The total contribution of the nonfactorizing diagrams can be 
seen to be destructive. The sum of nonfactorizing contributions amount up to 30 % of 
the factorizing contribution in amplitude. Using 'r(Af,) = (1.14 ± 0.08) x 10^^^ s [||] we 
predict a branching ratio of the mode A5 — > Acvr to be (0.44 ± 0.003)%. If one neglects the 



nonfactorizing contributions for this mode as was done in |26| one would obtain an enhanced 
rate of F = 0.665 x 10^°s~^. The prediction for the asymmetry parameter remains at a ~ — 1 
and is thus not affected by such an omission. 

In Tables VIII and IX we analyze the nonfactorizing contributions to the decay ampli- 
tudes for the transitions A+ — > Att^ and A° — > A^tt^. It is seen that the total contribution 
of the nonfactorizing diagrams are destructive. They can amount up to ~ 60 % of the 
factorizing contribution in amplitude of heavy-to-light transition and up to ~ 30 % of the 
factorizing contribution in amplitude of 6 — c transition. Also we calculate the values for 
overlap integrals /, H2 and for these modes. They turn out to be equal to / = 0.51, 
i72=43 MeV and H^=IA MeV for A+ A7r+ and / = 0.61, ^^2=24 MeV and H^=12 MeV 
for A° A+TT^. For comparison we quote the results for overlap integrals evaluated for the 
decay A+ ^ A7r+ in ref. H ^ / = 0-34, H2=m MeV and i/3=-4 MeV. 
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In Tables X and XI we present the predictions for the pip and J/il)h. 

decays for various values of the a2 and parameters. As mentioned before these processes 
are described by the factorizing diagram alone. The corresponding weak hadronic matrix 
elements in the spectator approximation have a trivial spin structure given by the matrix 
O^. For this reason the asymmetry parameter for these transitions does not depend on the 
model parameters and can be expressed through the hadron masses 

/1+ 1+ \ _ Ml~Ml-2Ml 

In particular, the asymmetry parameter in the decay A+ pcj) is equal to —0.26 and 
a = 0.21 for A|) J/ipA transition. It is seen that for the accepted value of the Wilson 
coefficient a2 = 0.10 our approach gives the prediction for the branching i?r(A° J/ipA) = 

0. 027 which is consistent with the recent CDF data Br{A°^ J/i^^) = 0.037±0.017±0.004 

01. For the rare decay A^ —>■ pcf) our approach for the accepted value of the corresponding 
Wilson coefficient = -0.65 yields the branching ratio Br{p(j)) / Br{pK~7T'^) = 0.105 which 
overestimates the known experimental data from CLEO and NA32 measurements. 



V. CONCLUSION 



We have studied the exclusive nonleptonic decays of heavy-light baryons into charm and 
light baryons. The decay rates and the asymmetry parameters have been calculated. It 
would be interesting to test our predictions in 6 — > c transitions in future experiments. 

We have shown that rates of decays which proceed only via the nonfactorizing diagrams 
are suppressed but not completely suppressed for both cases of heavy-to-light and heavy-to- 
heavy transitions. We have analyzed in detail the nonfactorizing contributions to the decay 
amplitudes for the transitions A+ Att^ and A^ ^t'^~- '^^s shown that the total 
contribution of the nonfactorizing diagrams are destructive. They amount up to ~ 60 % of 
the factorizing contribution in amplitude of heavy-to-light transition and up to ~ 30 % of 
the factorizing contribution in amplitude of 6 ^ c transition. Finally, we give the predictions 
for the A+ — > p0 and A^ J / ipA decays for various values of the 02 and parameters. 

The generalization to the channels |^ ^ + 1 7 ~^ |^ + 0^ ^"^^ 1^ ~^ + ^~ 
involving the ground state partners of the mesons and baryons in the final state is straight- 
forward and will be treated in a subsequent paper. In this paper we have only discussed 
the Cabibbo favoured decays induced by the transitions h —>■ cud with a light pseudoscalar 
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meson in the final state. There are also a number of Cabibbo favoured decays with heavy 
mesons in the final state which include the decays induced by the quark transitions b ccs. 
The treatment of heavy mesons in the final state requires some refinements in our simple 
Lagrangian spectator model. Again, exclusive nonleptonic heavy baryon decays involving 
heavy mesons in the final state are the subject of a future pubhcation. 
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APPENDIX A: HADRON-QUARK INTERACTION LAGRANGIANS 



Below we present a complete list of hadronic interaction Lagrangians used in the cal- 
culations. We start from the consideration of various possible couplings of three quarks in 
the light baryons. It is well known that there are five possible nonderivative forms of such 
coupling for octet baryons 



Pseudoscalar variant B^'^^q'^ C^^g^^ e'^i'^^aag-fcmama 



Scalar variant B^"''j^q^a^Cq^£^'''^''''e^"'^"'« 



A:m,2»n3 



Axial variant B^'^^Y<lmi<lm2^'li^'l^(lmi^''^''^'''''^^ 
Vector variant B'''^X'l'"''-f^'y^q^^q^^X'l"''C-f^q^^e^^''^''^e'''^''' 
Tensor variant i?^™A™'"V^^7^g^\g^\A""'^Ca/,^g^3^e"i"2a3^fcm2n 



(Al) 



where B is the baryonic octet matrix 

S7v^ + A7v^ S- -E- 

B''^=\ S+ -S7v^ + A7v^ SO I (A2) 

p n -2A7V6, 



It is well known [0,0 that these five forms can be combined in the two linearly independent 
SU(3) invariant combinations called vector variant and tensor variant (see, Eqs. (^)). 

In order to reproduce the results of the spectator model in the Lagrangian formulation, 
one has to modify the baryonic currents writing them in terms of the "projected" quark 
fields, replacing q \7g, where 1+ = 1/2 + 1) is the projector introduced is Sec. 2. 
With the use of the "on-shell" conditions = B and t;^ = 1 it is easy to verify that there 
exist simple relations between various interaction Lagrangians obtained from Eq. (|A1|) via 
the substitution q V+q: 

Bkmijr ai 02 /^^,5t/ 03 010203 fcm2m3 _ H^mi ajr ai 02 ^ t/ 03 010203 fcm2m3 

-D ^+QmiQm2^^ ^+Qm3^ ^ — ~^ 7 v+q^_^q^^L''j^'j5V+q^,^e e 
S^"^^75l^+g^\g^2^C\7g^^3£'^i''2'^^£^'"^'"3 = (A3) 

^fcm^mmi^;.^5^^^oi^^^2^^nm3^^^^^^^3^^a,a,a3^fc^,„ = 
_ ^ r>km \mmx uu b-tr oi 02 \nma -ir 03 aia2as ^km2n 

Since the vector and tensor Lagrangians (^ are completely equivalent to each other on the 
baryon mass shell one can start with either of them. Note that the vector and pseudoscalar 



25 



forms of interaction Lagrangians transform into each other under Fierz transformations (on 
baryon mass shell) 

(g) [g"3(C75\4)"^"*g"^] = ^^[B"'V^'"^q"'] (g) [q"'{Cj5V+)"^"'q''' 
+ [S°i(7V^+)"'"'9"1 ® [g"'(C7^V+)"'"=^g"']| (A4) 

Here (cti) denote the spinor indices. 

For SU(3) octet of hght baryons the interaction Lagrangians are hsted in Table XII. The 
interaction Lagrangians for heavy-light baryons are given in Table XIII. The meson-quark- 
antiquark interaction Lagrangians arc listed in Table XIV. 

The baryon-quark couplings Qb are determined from the normalization condition for 
vector current. For heavy- light baryons they are given by 

where Ag^ and Ag^ are light quark cutoff parameters and Rq is the structure integral which 
depends on the ratio A/Abq 



Rq — j duu exp 



2 A 
-18u^ + 36m- 





In the case of light baryons the couplings are given by 



A, 



q-^-^^.^ (A6) 

1 for nucleons 

where = { ^"(2/3 + r/3) for A° and the triplet of S hyperons 

r^(2r/3 + 1/3) for the doublet of S hyperons 
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APPENDIX B: THE CALCULATION TECHNIQUE 



To elucidate the calculation of the matrix elements (piD -(P8D we consider the four relevant 
integrals in Euclidean space corresponding to the factorizing contributions from 6 — c and 
heavy-light transitions and the typical nonfactorizing ones coming from the diagram Ila. The 
calculations of the nonfactorizing contributions from diagrams II;, and III can be carried out 
analogously. 



Factorizing Contribution (6 — > c transition) 



r6— >c. 



fd^kE 


f d^k' 


1 TT^ J 


1 ^exp 



18fc| + 6(2fc^ + kf 



A2 



1 



1 



kEViE - A kEV2E - A 



(Bl) 



Factorizing Contribution {Q ^ q transition) 



rQ^q 



(cue, M2 



d^kt 



7C^ 



exp 



9kl + 3{2k'E + kE) 



A| 



X exp 



{?>kE + 2p2E? + 3(2A;^ + kE, 



2n 



kEV 



IE 



A 



(B2) 



Nonfactorizing Contribution (6 — > c transition) 



l'^~}'iuE,M2) 



d^kE rd^k'j, fd^k" 



TT 



E 

-exp 



9A;| + 3(2A;^ + 2A;^ - kE - P3e) 



Ai 



X 



exp 



■9k'i + 3i2k'^ + k'E-p3E) 



kEViE - A k'EV2E - A 



(B3) 



Nonfactorizing Contribution [Q ^ q transition) 



rO^a^ fd^kE rd^k' fd^k'' 

I^e\^e,M2) = / ^ / ^ / ^exp 



9kl + 3(2fc^ + 2fc^ -kE- P3e) 
Al„ 



X exp 



{Sk'j, + 2p2Ef + 3(2fc^ + fee - P3e) 



kEVlE - A 



(B4) 



The final light baryon state carries the Euclidean momenta p2E with the mass-shell condition: 
P2E = —^2- The dimensionless variable oje is defined as uje = vie ■ P2E/M2 = —uj. 
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Scaling all momentum variables in the above integrals by Kbq and using the Feynman 
parametrization 



1 °° 

— = dae'x.Y>{—aA) 



(B5) 



we have 



OO CXD 



rb— >c 







X exp 



-184 - 24A;^ 



A 



18 



(a;e + l) + 2(a + /3) 



-9(l + i?)A;|; - 12(l + i?)A;^ 



X exp 



- URouje - 36i?M| 
9(1 + 



+ 2a 



A 



A, 



OO OO 



lU'M = 4A- / rf„ / d;? / / ^ / exp 



X exp 







72. 



(a + a/3 



A a2 ^ /32 



-^fc'^ - + ^(o^i. + 1) + 2(a + /3) 



A, 



12 



M.) = 2A^l I da I ^1^1'^ exp 



-12A;|; - 3i?(3 + AR)k'i 



X exp 



-36 



i-"^ — 



3 + AR 9(1 + 

After integration over ks, k'^ and A;^ we arrive at 

OO 1 



+ 2a 



A 



A 



Ip{-w) = J duu J dxexp 







2Al, °? 



-18^2 - 36u'^x{l -x){uj-l) + 36u 



A 



A 



Bq 



36^(l + i?)3'^"^"P 



-9(1 + + 18(1 + 



A 

Ar. 



X exp 



-12i?Ma;-^ + =^ 



Abq R+lAj 
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^10 oo 1 



Bo f f 

iNp'i-w) = J duu J dxexp 



X exp 





A 



-72^2 - lUu^x{l -x){uj- 1) 



144m- A32u\x' + {l-xy) 



A 



2A11 

i>0 



duexp 



-36(l + i?)(3i? + 4y 



X exp 



■ , A Ma i? Ml 
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TABLE I 



Baryon 


Quark Content 






Mass (GeV) 




c[ud] 


1 + 

2 


(0,0) 


2.285 


' — 'c 


c[us] 


1 + 


(0,1/2) 
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c[ds] 


1 + 
2 


(0,1/2) 
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1 + 
2 


(1,1/2) 
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c{ds} 


1 + 
2 


(1,1/2) 
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1 + 
2 
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1 + 
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1 + 
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b[us] 
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1 + 
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-7T 

2 



"6 
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TABLE Illb 



Decay 
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TABLE IV 



Process 


Korner, 
Kramer 14 1 


Xu, 
Kamal 22 1 


Cheng, 
Tseng ^4 


Our 


Experiment [|l| 




0.76 


1.67 


0.91 


0.79 


0.79± 0.18 


A+ — > S'^7r+ 


0.33 


0.35 


0.74 


0.88 


0.88± 0.20 


A 4_ v^-l- 
A+ S + TT*^ 


0.33 


0.35 


0.74 


0.88 


0.88± 0.22 


A+ Tj+t] 


0.16 






0.11 


0.48± 0.17 


A 4- v~i4- / 

A+ ^ J:+ri' 


1.28 






0.12 




A -1- r^D 

A+ pK^ 


2.16 


1.24 


1.30 


2.06 


2.2± 0.4 


A ~\- ' — ^0 r^4- 

A+ :i^K^ 


0.27 


0.10 




0.31 


0.34± 0.09 




5.11 


0.35 


0.67 


3.08 




^+ "0 + 
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2.66 


3.12 
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1 — ^0 A T^Ci 

Ai^o 
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0.24 
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n 1 1 

U. i i 


n 1 1 

U. i i 




n 97 




SO ^ SOttO 
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0.49 


0.25 


0.04 




" / 
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0.28 




" / 
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0.31 






0.91 


1.52 


1.10 


1.22 
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TABLE V 



Process 


Korner, 


Xu, 


Cheng, 


Our 


Experiment [|T| 




Kramer 


M 


Kamal 2g 


Tseng p3 






A+ ^ A7r+ 


-0.70 


-0.67 


-0.95 


-0.95 


-0.98 ± 0.19 


A+ ^ 


0.70 


0.92 


0.78 


0.43 




A+ ^ E+TfO 


0.71 


0.92 


0.78 


0.43 


-0.45± 0.31± 0.06 


A+ ^ E+r7 


0.33 






0.55 




A+ ^ E+7^' 


-0.45 






-0.05 




A+ ^ pK^ 


-1.0 


0.51 


-0.49 


-0.97 




A+ 















S+ ^ E+i^'^ 


-1.0 


0.24 


-0.09 


-0.99 






-0.78 


-0.81 


-0.77 


-1.0 




^ Ai^'^ 


-0.76 


1.0 


-0.73 


-0.75 




SO ^ EOi^o 


-0.96 


-0.99 


-0.59 


-0.55 




5° ^ E+X- 















SO ^ HOttO 


0.92 


0.92 


-0.54 


0.94 




" / 


-0.92 






-1.0 




^0 _^ ^0 / 


-0.38 






-0.32 






-0.38 


-0.38 


-0.99 


-0.84 






0.51 




-0.93 


-0.81 




AO ^ AttO 








-1.0 




Ag ^ piT" 








-0.88 
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TABLE VI 



Reference 


A+ ^ A7r+ 


A+ ^ S+tt" 


A 


B 


A 


B 


CLEO II H 




12.7^1 




-17.31^:^ 


Xu and Kamal [p2|] 


-2.7 


20.8 


-2.9 


-6.0 


Cheng and Tseng p3|| 


-3.5 


13.2 


-2.4 


-14.6 


Korner and Kramer 14|] 


-1.9 


13.9 


-1.3 


-9.9 


Our 


-4.2 


9.0 


-1.2 


-17.2 



TABLE VII 



Process 


r (in 10^0 g-i) 


a 


Process 


r (in 10^0 g-i) 


a 


AO ^ A+vr- 


0.382 


-0.99 


^b ^ ^c^^ 


0.014 


0.94 


Ao ^ S+TT- 


0.039 


0.65 


^b ^ ^cV 


0.015 


-0.98 


AO ^ SOvrO 


0.039 


0.65 


-0 ^ E[W 


0.021 


0.97 


AO ^ SOry 


0.023 


0.79 


so AtK- 


0.010 


-0.73 


AO ^ SO^ 


0.029 


0.99 


-0 ^ E+ir- 


0.030 


-0.74 


AO ^ -07^0 


0.021 


-0.81 


-0 ^ SOiT'^ 


0.021 





AO ^ S'Oiro 


0.032 


0.98 


-0 ^ fio^^o 


0.023 


0.65 


'^'b ^ '='c ^ 


0.479 


-1.00 




0.645 


-0.97 


--fe ^ ^ 


0.018 


0.61 




0.007 


-1.00 


^0 , z:0„o 


0.002 


-0.99 


^b - ^'J<- 


0.016 


-0.98 




0.012 


-0.86 


^b ^ 


0.352 


0.60 




0.003 


0.71 
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TABLE VIII 



Amplitude 


Diagram 


Ih 


Ih 


Ih + Ih 


III 


A 


-29.8% 


-18.5% 


-48.3% 




B 


-32.1% 


-15.9% 


-18.3% 


-13.9% 



TABLE IX 



Amplitude 


Diagram 


Ih 


Ih 


Ih + Ih 


III 


A 


-13.9% 


-6.2% 


-20.1% 




B 


-14.3% 


-5.8% 


-20.1% 


-8.5% 
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TABLE X 



Ratio of interest 


JDr(^p<pj/Br(pK vr j (^m 7oj 


CLEO 


0.024±0.006±0.003 


NA32 [|] 


0.04±0.03 


Korner & Kramer |r4| 


0.05 


Cheng & Tseng p5[ 


0.016 


Datta 13 


0.01 




0.022 (a2=-0.30) 




0.030 (a^=-0.35) 




0.040 (a*=-0.40) 


Our 


0.050 (a5=-0.45) 




0.062 (4=-0.50) 




0.075 (4=-0.55) 




0.090 (a^=-0.60) 




0.105 (a^=-0.65) 
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TABLE XI 



Ratio of interest 


Br(A^ ^ J/^A) (in %) 


UAl |li 


1.4±0.9 


OPAL § 


< LI 


CDF 


n no'7_i_n m '7_i_n r\r\A 

U.Uo7±U.U17±U.UU4 


Cheng & Tseng [25 


0.011 


Cheng ||26| 


0.016 


Our 


0.027 (aa =0.10) 
0.061 (aa =0.15) 
0.108 (aa =0.20) 
0.169 (aa =0.25) 
0.243 (aa =0.25) 



TABLE XII 



Baryon 


Lagrangian 


P 




n 


-^nn7''7^14M'"lrf'*2^7^'J/^^a3^aia2a3 ^ _2^„n V+C^"^ c/"' C75l/+M''3e"i''2a3 


E+ 


-^s+S+7^7^V"+s"iM"2C7^"14M«3^aia2a3 ^ -2gj^+T.+V+u''^u''^C-i^V+s"-'' e"^"^''-' 


E- 


^S-S-7'^7^1/+s"M"2(:77^-l/+rf''3^'^ia2a3 = 2^E-S-1/+rf''M'^2(7^^y_^sa3^aia2a3 




= y2^soS°VV(rf"in"2(:775\/+s"3 +M«ici"2(:775V^+s"3)e'^i"2'^3 




AO 


y|^AoAV7^'t4(M"'t^'''C'7M'^+s"' - d'^l'U"2C7^-J/^Sa3)^aia2a3 ^ 
= -V6^AoAOKt.s'^iM''2,^75l/+c/"3^'*i'*2a3 




^So507'^75'l/+M''ls''2C'7^-J/^ga3^aia2a3 ^ 2^hoS0V+s''i S'^2^75l/+M"3e'^l''2a3 




- S - 7''7 V+ C7^ \/+ s'^s a3 = - H - s'^i s"^ C75 \/+ "^as 
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TABLE XIII 



Baryon 


Lagrangian 












^(?SpSQ7^7^Q''iM''^C7^\/+M"^^£''i'^^''^^ 
^^SQSQ7'^75g'^irf'^2C7^VVrf'^=^£"^"^"^^ 

^^SQSQ7'^75Q''%"2C^^y^C?"3£'^l«2a3 




^H'QS'Q7^7^Q"iM''2C7^V:^Sa3^aia2a3 
S'Q7^75(5"lci"2C^^y_^ga3^aia2a3 




^^o^l]Q7^7Sg'^is"2C7^V^+s'^3^'^i'^2"3 


TABLE XIV 


Meson 


Lagrangian 


TT 


g^rTT'^ui'y^d + /i.e. 


K 


i^+m7^14s + K^di-f^V+s + h.c. 









gj/^{J/ij),c{l^-v^)V+c 
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M 

/\ P3=Pl-P2 



P2 




- (k'+k) 



Diagram I 
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ki k2 

1 < • -ec^ 



Pi 



B 



\/P3 



M 



Diagram 



k'+P2 

- (k' + k") + P3/2 
k"+P3/2 



ka = k+pi 

k4 = k"-p3/2 

kg = k"+k'-k-p3/2 
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ki k2 

\ Tm / 

• < • -ec^ 



Pi 



B 



<3 



\/P3 



M 



Diagram II^: 



k'+P2 

- (k + k") - P3/2 
k"-p3/2 



k2 = k+pi 

k4 = k"-k'+k+P3/2 
kg = k"+P3/2 
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ki O, 



pi 



B 



Q 



\/P3 



M 



Diagram III: 



k'+P2 

- (k' + k")+P3/2 

k"-p3/2 



k2 = k+pi 

k4 = - (k+ k")-p3/2 

kg = k"+p3/2 
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